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Abstract
The lack of circulating biomarkers for tumor monitoring is a major problem in Ewing 
sarcoma management. The development of methods for accurate tumor monitoring 
is required, considering the high recurrence rate of drug-resistant Ewing sarcoma. 
Here, we describe a sensitive analytical technique for tumor monitoring of Ewing 
sarcoma by detecting circulating extracellular vesicles secreted from Ewing sarcoma 
cells. Proteomic analysis of Ewing sarcoma cell-derived extracellular vesicles identi-
fied 564 proteins prominently observed in extracellular vesicles from three Ewing 
sarcoma cell lines. Among these, CD99, SLC1A5, and ENO-1 were identified on extra-
cellular vesicles purified from sera of patients with Ewing sarcoma before treatment 
but not on extracellular vesicles from those after treatment and healthy individuals. 
Notably, not only Ewing sarcoma-derived extracellular vesicles but also Ewing sar-
coma cells demonstrated proteomic expression of CD99 and ENO-1 on their surface 
membranes. ENO-1+CD63+ extracellular vesicle detection was reduced after tumor 
resection while both CD99+CD63+ and ENO-1+CD63+ extracellular vesicles were 
detected in serum from Ewing sarcoma-bearing mice. Finally, the accuracy of liquid 
biopsy targeting these candidates was assessed using extracellular vesicles from the 
sera of patients with Ewing sarcoma. Elevated ENO-1+CD81+ extracellular vesicles in 
the serum of patients before treatments distinguished patients with Ewing sarcoma 
from healthy individuals with an area under the curve value of 0.92 (P < 0.001) and 
reflected the tumor burden in patients with Ewing sarcoma during multidisciplinary 
treatments. Collectively, circulating ENO-1+CD81+ extracellular vesicle detection 
could represent a novel tool for tumor monitoring of Ewing sarcoma.
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1  |  INTRODUC TION

Ewing sarcoma (ES) is a malignant mesenchymal tumor that de-
velops from bone and soft tissue, predominantly in children and 
young adults. ES is characterized by prototypical chromosomal 
translocation and fusion of the EWS gene on chromosome 22q24 
with one of five E-twenty-six (ETS) transcription factor gene 
family members (FLI4, ERG5, ETV16, E1AF7,8, and FEV9).1 Of the 
EWS/ETS translocations, 85% of ES harbor the EWS-FLI1 recip-
rocal translocation t (11;22) (q24;q12).1 In the past few decades, 
the detection of fusion gene transcripts and the development of 
immunohistochemical markers, such as CD99 (MIC2), have helped 
improve diagnostic accuracy.2 The current standard treatment 
for localized ES is a multimodal approach that combines chemo-
therapy and local therapy consisting of surgery and/or radiother-
apy.3 The 5-year overall survival rate for patients with localized 
ES approaches 65%–75% because of diagnostic and therapeu-
tic modality development. However, patients with advanced ES 
demonstrated a dismal prognosis, with a 5-year overall survival 
of <30%.4

The lack of circulating markers for tumor monitoring and prog-
nostic prediction remains a crucial problem in improving patient 
prognosis. Currently, imaging tests, such as computed tomography 
and magnetic resonance imaging, are the only useful modality to 
assess therapeutic response or tumor recurrence. Identifying cir-
culating ES biomarkers may help evaluate the real-time treatment 
response, detect residual tumors after treatments, and discover 
recurrent tumors early, which alerts physicians to change to more 
effective therapies.

Extracellular vesicles (EVs) are a heterogeneous group of cell-
derived membranous structures secreted by a multitude of cell 
types into multiple body fluids, including blood, urine, and saliva.5 
EVs express tetraspanin family proteins (CD9, CD63, and CD81) on 
their surface6,7 and contain bioactive cargo (nucleic acids, proteins, 
and metabolites),8 which may play a pivotal role in cell–cell commu-
nication between tumor cells and the tumor microenvironment.8 
EVs stably exist in the circulation and protect these functional mol-
ecules from degeneration caused by hydrolysis.9 Accumulating evi-
dence has indicated that circulating EVs are a promising biomarker 
for malignant disease diagnoses.10–14 Melo et al. revealed that cancer 
cell-derived EVs expressing glypican-1 distinguished patients with 
pancreatic cancer from healthy individuals with absolute sensitiv-
ity and specificity.15 Yoshioka et  al. determined CD147 and CD9 
double-positive EVs as a circulating marker that distinguishes pa-
tients with colorectal cancer from healthy individuals and is more 
accurate than carcinoembrionic antigen (CEA) and carbohydrate an-
tigen 19-9 (CA19-9).7

Specific detection and isolation of cancer cell-derived EVs in the 
circulation in patients with bone sarcoma is currently lacking. This 
study identified surface markers on ES-derived EVs to develop a 
method of liquid biopsy as a new modality for tumor monitoring of 
ES. Surface molecules on the EVs were screened using proteomic 
analysis using the sera of patients with ES and conditioned media 

of ES cells. The detection of EVs that target the identified surface 
marker was evaluated using sera collected from the mouse xeno-
graft model and patients with ES.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

This study consisted of a screening phase and a subsequent valida-
tion phase (Figure 1A). In the screening phase, the surface marker 
proteins of EVs from ES were screened by proteomic analysis 
using EVs derived from sera of patients with ES and culture media 
of ES cells. The candidate molecules were selected considering 
their proteomic expression in the sera of healthy individuals and 
patients with ES after treatment. In the validation phase, the local-
ization of the surface marker protein on ES-cell-derived EVs was 
validated using ELISA. Tumor monitoring was then tested using 
the ES-bearing mouse model by detecting EVs with the identi-
fied molecule on their surface membrane. Finally, the accuracy 
of liquid biopsy targeting EVs with the identified marker on their 
surface was validated using EVs derived from the sera of patients 
with ES.

2.2  |  Serum collection from patients with ES and 
ES-bearing mice

Whole-blood samples were obtained from patients with ES and 
healthy individuals at Okayama University Hospital and Chiba 
Cancer Center Hospital. Samples were obtained at diagnosis, 
pre and postoperatively, during chemotherapy, or at disease pro-
gression. The local ethics committee approved this study, and all 
participants signed written informed consent. Murine blood was 
obtained from cardiac puncture at the indicated time points. Sera 
were fractionated from whole-blood samples by centrifugation at 
2,000g for 15 min at 4°C. The collected serum was centrifuged at 
20,000 g for 15 min at 4°C, and the supernatants were collected 
and passed through a 0.22-μm-pore filter (Merck Millipore) and 
stored at 80°C.

2.3  |  Cell lines and cell cultures

This study used human ES cell lines (SK-ES-1, RD-ES, and A673), 
osteosarcoma (OS) cell lines (143B and HOS), chondrosarcoma 
(CS) cell lines (OUMS27 and T2147), and human osteoblasts (hOB). 
SK-ES-1, RD-ES, A673, 143B, and HOS were purchased from the 
American Type Culture Collection. OUMS27 and T2147 were de-
veloped in our laboratory.16 hOB (Lot#: 3070205) was purchased 
from PromoCell. These cell lines were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM; Gibco Laboratories), Roswell Park 
Memorial Institute-1640 (Gibco), or Osteoblast Growth Medium 
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    |  3UOTANI et al.

(PromoCell) supplemented with 10% or 15% fetal bovine serum 
(FBS; HyClone), 100 units/mL of penicillin G, and 100 μg/mL of 
streptomycin (Nacalai Tesque, Inc.). Cells were incubated at 37°C 
in a humidified atmosphere containing 5% CO2.

2.4  |  Preparation of the conditioned medium

The conditioned medium (CM) was changed to FBS-free CM 24 h 
after the seeding of cells and then collected 24 h after CM ex-
change. The collected culture medium was centrifuged at 3500 rpm 
for 15 min at 4°C. The CM supernatant was collected and centri-
fuged at 20,000 g for 15 min at 4°C, and the supernatants were col-
lected and passed through a 0.22 μm pore filter (Merck Millipore) 
and stored at 80°C.

2.5  |  Animal experiments

BALB/c nu/nu female mice were purchased from CLEA Japan Inc. at 
4 weeks of age and given at least 1 week to adapt to their new en-
vironment before tumor transplantation in a specific pathogen-free 
environment. On day 0, the mice were anesthetized with 2% isoflu-
rane, and SK-ES-1 or A673 cells (5 × 106 cells/mouse in 100 μL total 
volume with DMEM suspension) were transplanted into their right 
hindquarters. Tumor growth was monitored once each week. Tumor 
resection was performed 4 weeks after transplantation. Blood sam-
ples were collected at 4 weeks after transplantation in the nonre-
section and control groups by cardiac puncture under anesthesia 
with isoflurane and collected into CAPIJECT® microcollection tubes 
(Terumo). Blood samples were collected 1 week after the tumor re-
section in the tumor resection group.

F I G U R E  1  Identification and 
experimental validation of EVs secreted 
from Ewing sarcoma (ES) cells. (A) The 
study design. (B) Scanning electron 
microscopy of pellets obtained after 
ultracentrifugation of ES cell culture 
supernatants. The collected EVs 
were essentially homogeneous and 
40–100 nm in diameter. Analysis of the 
size distribution by the NanoSight® 
nanoparticle tracking system determined 
these EVs within approximately 
50–150 nm with a peak of 100 nm. 
(C) Transmission electron microscope with 
CD81–nanogold for EVs. The collected 
EVs loaded CD81 tetraspanin protein on 
their surface (white arrowhead). (D) The 
fusion gene EWSR1/FLI-1 transcripts were 
detected in both ES cell lysates and EVs 
secreted from ES cell lines. ES, Ewing 
sarcoma; EVs, extracellular vesicles; SEM, 
scanning electron microscope.
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2.6  |  EV purification from the cell culture medium

EVs from the culture medium supernatant were purified as previ-
ously reported with partial modification.17 Each cell line was grown 
to 60%–70% confluence and CM was then exchanged for FBS-free. 
The CM samples were collected 24 h after medium exchange and 
centrifuged at 3500 rpm for 15 min at 4°C, followed by further cen-
trifugation at 9000 g for 30 min at 4°C. The collected supernatant 
was passed through a 0.22 μm pore filter (Merck Millipore) to re-
move apoptotic bodies, microvesicles, and cell debris. The superna-
tant was then concentrated to approximately 1 mL using 100 kDa 
of molecular weight cut-off ultrafiltration membranes (Fisher 
Scientific) at 4°C. The sample was ultracentrifuged (Optima TL-100; 
Beckman Coulter) at 100,000 g for 70 min at 4°C. The resulting pel-
let was rinsed with PBS, followed by further ultracentrifugation at 
100,000 g for 70 min at 4°C. Finally, the supernatant was discarded, 
with EVs concentrated in the pellet. The obtained EVs were au-
thenticated by scanning electron microscope (SEM) and an NS300 
Nanosight® nanoparticle analyzer (Malvern Instruments Ltd.). 
These procedures were performed under the Minimal Information 
for Studies of Extracellular Vesicles (MISEV2023) standard.18

2.7  |  EV purification from human and 
murine serum

Size exclusion chromatography on a drip using EVSecond® columns 
(GL Sciences Inc.) in a low-temperature environment was used to 
purify EVs from human and murine serum samples. The column was 
initially equilibrated with 700 μL of PBS twice, followed by a blocking 
step using 700 μL of FBS. After repeating the wash steps six times 
with 700 μL of PBS, the collected serum samples of 200 μL were 
loaded onto this column, followed by the collection of 12 consecu-
tive fractions in 100 μL of PBS. Western blotting was used to analyze 
CD9 expression in these fractions. CD9-positive fractions were rec-
ognized as the EV-rich portion.19

2.8  |  RNA extraction and RT-qPCR analysis

Total RNA was extracted from cells collected after 24 h of cell culture 
and EVs using the miRNeasy mini Kit (Qiagen) following the manu-
facturer's instructions. The PrimeScript™ RT reagent Kit (Takara) 
was used to generate complementary DNA from total RNA.

The primers 5′-TATAGCCAACAGAGCAGCAG-3′ (forward) 
and 5′-GTTGAGGCCAGAATTCATGTTA-3′ (reverse) were used 
to amplify EWS/Fli-1 mRNA. The appropriate amplicons of 
type-1 and type2 EWS/Fli-1 fusion size were 158 and 185 bp, re-
spectively. Amplification of GAPDH mRNA was achieved with 
primers 5′-CATCAAGAAGGTGGTGAAGCAG-3′ (forward) and 
5′-CGTCAAAGGTGGAGGAGTGG-3′ (reverse). The appropriate am-
plicon size was 118 bp. The PCR program consisted of enzyme acti-
vation at 95°C for 30 s followed by amplification for 40 cycles (95°C 

for 5 s, 62°C for 30 s). The amplified products were separated by 2% 
agagose gel electrophoresis.

2.9  |  Liquid chromatography–mass spectrometry 
analysis

The purified EVs were dried and dissolved in lysis buffer (50 mM 
HEPES-NaOH [8.0], 12 mM deoxycholate, and 12 mM N-lauroyl 
sarcosinate). EV proteins (10 μg) were reduced with 20 mM tris 
(2-carboxyethyl) phosphine (Sigma-Aldrich) at 100°C for 10 min, 
followed by alkylation with 50 mM iodoacetamide (Sigma-Aldrich) 
at 25°C in the dark for 45 min. Samples were mixed with Laemmli's 
sample buffer and loaded onto a polyacrylamide sodium dodecyl 
sulfate gel. Electrophoresis was discontinued when the loading dye 
(bromophenol blue) reached 2 mm under the top of the separation 
gel. Coomassie brilliant blue-stained and excised protein-containing 
gel bands were subjected to in-gel digestion with 100 ng of Trypsin/
Lys-C Mix (Promega) at 37°C for 12 h. The resulting peptides were 
extracted from gel fragments and analyzed using an LTQ-Orbitrap-
Velos mass spectrometer (Thermo Fisher Scientific) combined with 
an UltiMate 3000 Rapid Separation Liquid Chromatography na-
noflow high-performance liquid chromatography system (Dionex 
Corporation). MaxQuant software was used for protein identifica-
tion and quantification analyses.20 The tandem mass spectrometry 
spectra were searched against the Homo sapiens protein database in 
SwissProt, in which a false discovery rate (FDR) of 1% was set for 
both peptide and protein identification filters. Only “razor + unique 
peptides” were used to calculate the relative protein concentration.

2.10  |  Immunoblot analysis

An electrophoretic gradient across Mini-PROTEAN® tris-glycine ex-
tended gels (Bio-Rad) was used for total protein from cell (10 μg) and 
EV (1 μg) fractionation. Loading samples were normalized according 
to protein concentrations quantified using the Bradford assay.21 The 
gels were then transferred onto Immun-Blot® PVDF membranes 
(Bio-Rad) under wet electrophoretic conditions. The blotted protein 
was blocked for 1 h at room temperature with Odyssey® blocking 
buffer in PBS (Li-Cor) and was followed by incubation overnight at 
4°C with the following primary antibodies: 1:200 anti-CD63 mouse 
monoclonal antibody (Abcam), 1:200 anti-CD81 mouse monoclo-
nal antibody (sc-23,962; Santa Cruz Biotechnology), 1:1000 anti-
cytochrome-c mouse monoclonal antibody (Abcam), 1:10,000 
anti-β-actin mouse monoclonal antibody (Sigma-Aldrich), 1:500 anti-
CD99 mouse monoclonal antibody (12E7, ab8855, Abcam), 1:500 
anti-ENO-1 mouse monoclonal antibody (8G8; Calbiochem, Merck 
KgaA), and 1:500 anti-SLC1A5 rabbit polyclonal antibody (ab84903; 
Abcam). Thereafter, IRDye® 800CW antirabbit IgG and IRDye® 
680RD antimouse IgG secondary antibodies (Li-Cor) were incubated 
with the protein-blotted membrane for 1 h at room temperature. The 
Odyssey® imaging system (Li-Cor) was used to detect fluorescence.
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2.11  |  Sandwich ELISA

Anti-CD63 or anti-CD81 antibody (250 ng/well) was immobilized 
on a Nunc MaxiSorp flat-bottomed 96-well plate (Thermo Fischer 
Scientific) by shaking on a plate shaker at room temperature for 1 h. 
The blocking solution (150 μL/well of 5% bovine serum albumin [BSA] 
in PBS) was then added and incubated on a plate shaker at ambient 
temperature for 1 h. After washing three times with PBS, EV samples 
of 40 μL and PBS of 60 μL were loaded into the wells. After 2 h of in-
cubation, plates were washed three times with PBS. The biotinylated 
anti-CD63 antibody (1:2000), biotinylated anti-CD81 antibody 
(1:1000), biotinylated anti-CD99 antibody (1:1000), or biotinylated 
anti-ENO-1 antibody (1:4000) in 1% BSA was loaded into the wells 
(100 μL/well). After 1 h of incubation, the plates were washed three 
times with PBS and then covered with 100 μL/well of SA-HRP (1:400; 
Abcam) in 1% BSA solution. After 45 min of incubation, plates were 
washed three times with PBS and covered with 100 μL/well of TMB 
Substrate Solution (Thermo Fischer Scientific). The reaction was 
stopped after 15 min of incubation using 100 μL/well of 2 N HCl. The 
optical density at 450 nm was immediately measured.

2.12  |  Statistics and data analysis

Data are depicted as the mean ± standard deviation or the median 
with a 25%–75% range. The unpaired t-test was used to measure 
differences in patient demographics and clinical characteristics. 
Statistical differences in quantified expression levels of ELISA for tar-
geted protein were determined using an unpaired t-test or followed 
by analysis of variance (ANOVA) Holm–Sidak's multiple comparison 
test. Receiver operating characteristic (ROC) curve analysis was per-
formed to investigate the diagnostic accuracy of serum ENO-1+EV 
levels. A two-sided P value of 0.05 was considered statistically sig-
nificant. Statistical analyses were performed using GraphPad Prism 
version 6.0 (GraphPad Software).

3  |  RESULTS

3.1  |  Characterization of EVs secreted by ES cells

EVs secreted from ES cells and purified from the serum of healthy in-
dividuals were isolated by ultracentrifugation from the culture media 
of SK-ES-1, RD-ES, and A673 and by the EV-second procedure, re-
spectively. Scanning electron microscopy revealed that these EVs 
appeared essentially homogeneous with a diameter of 40–100 nm, 
but these concentrations varied among those cell lines (Figure 1B). 
The size distribution was measured using Nanosight®, which re-
vealed that the sizes of EVs derived from ES cells peaked at approxi-
mately 100 nm (Figure  1B). Furthermore, CD81-nanogold particles 
on the surface membrane of EVs were confirmed using transmission 
electron microscope (Figure 1C). Most importantly, the expression 
of the ES-specific fusion gene EWSR1-FLI1 was confirmed in the 

collected EVs derived from the culture media of SK-ES-1, RD-ES, and 
A673 cells (Figure 1D). These data indicate that EVs secreted from 
ES cells capture the molecular characteristics of parental ES cells.

3.2  |  Proteomic analysis of purified EVs from 
sera of patients with ES and culture media of ES cells

Proteomic analysis was performed using the EVs extracted from the 
serum of patients with ES pre- and posttreatment and healthy individ-
uals (n = 4; Table S1), and culture media of SK-ES-1, RD-ES, and A673 
cell lines. EVs derived from the serum of healthy individuals were re-
vealed to have a peak size of approximately 100 nm before proteomic 
analysis (Figure  S1). The liquid chromatography–mass spectrometry 
analysis of EV samples and subsequent SwissProt database search 
determined approximately 950 proteins in EVs purified from human 
sera (FDR 1%; Table S2). Regarding the EV samples from several ES 
cell lines, 1321 proteins were detected in SK-ES-1-derived EVs, 1296 
proteins in RD-ES-derived EVs, and 1362 proteins in A673-derived 
EVs. A total of 564 proteins were prominently observed in EVs from 
all three ES cell lines (Figure 2A). The Expression Analysis Systematic 
Explorer scores were calculated to elucidate the physiological func-
tions of proteins from EVs in all three ES cell lines. The proteins 
detected in the ES-derived EVs were associated with nucleic acid 
regulation, endocytosis, and structural molecule activity (Figure 2B). 
Among 564 proteins prevalently detected in EVs from ES cell lines, 18 
proteins consistently and potentially demonstrated expression levels 
on the surface of EVs from these cell lines (Figure 2C).

The proteomic analysis of EVs purified from human sera revealed 
336 proteins highly expressed in ES patients before treatments com-
pared to healthy individuals. Among these, 34 proteins are poten-
tially expressed on the surface of EVs (Figure S2). Among these 34 
proteins in EVs from human sera and 18 proteins in EVs from culture 
media of ES cell lines, the upregulated proteins in patients with ES 
compared with healthy individuals, which were reduced postopera-
tively, included ENO-1 and SLC1A5, known as localized proteins on 
the cellular membrane. CD99, a marker for the immunohistochemis-
try of ES, was determined as a commonly expressed protein in EVs 
derived from ES cell lines but was not identified in EVs purified from 
sera of patients with ES (Table S2).

3.3  |  Identification of ENO-1 as a surface marker of 
EVs secreted by ES cells

We performed immunoblot analysis to investigate whether tetras-
panin markers (CD63 and CD81) and the identified proteins (ENO-1, 
SLC1A5, and CD99) were contained in ES cell lysates and EVs secreted 
from ES cell lines. ENO-1 was strongly positive in ES cell lysates and 
EVs from all ES cell lines. CD99 was detected in all ES cell line lysates 
but in EVs from two of three ES cell lines. Additionally, SLC1A5 was 
detected in all ES cell lysates and EVs from all three ES cell lines. 
However, the expression levels were very low in the immunoblot 
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analysis (Figures 2D and S3–S8). In contrast, ENO-1 was strongly ex-
pressed in EVs from all three ES cell lines, therefore further investiga-
tions were performed focusing on ENO-1 and CD99 expressions.

We next confirmed ENO-1 and CD99 expression on the sur-
face of EVs from ES cells. Sandwich-based ELISA revealed that both 

ENO-1/CD63 and CD99/CD63 were significantly higher on the sur-
face of ES-derived EVs than that of EVs from both OS and CS cell 
lines (Figure 2E). Notably, the expression levels of ENO-1/CD63 in 
EVs from ES cell lines were significantly higher than those in EVs 
from control hOB cells (Figure 2E).

F I G U R E  2  Identification of ENO-1 as a surface marker protein on EVs secreted from ES cell lines. (A) Venn diagram illustrating proteomic 
profiling of EVs secreted from SK-ES-1, RD-ES, and A673 cell lines. A total of 2232 proteins were detected in EVs from these cell lines. 
(B) Expression Analysis Systematic Explorer (EASE) scores indicating the physiological functions of detected proteins from ES-derived EVs. 
(C) Proteins that were commonly and potentially expressed on the surface of EVs from ES cell lines. (D) ES cell lysates and ES-derived EV 
immune-blot analysis. ENO-1 expressions were strongly positive in all ES cell lysates and EVs from all cell lines. CD99 expressions were 
positive in all ES cell lysates but EVs from two of three ES cell lines. ES cell lysates and ES-derived EVs demonstrated very weak or negative 
SLC1A5 expressions. (E) Sandwich ELISA was used to evaluate proteomic expressions on the surface of EVs. Expressions of both CD99 and 
ENO-1 on the surface of ES-derived EVs were significantly higher than those from OS and CS cell lines. Only ENO-1 expression on ES-
derived EVs was significantly higher than those from hOB cells. *P < 0.05, one-way ANOVA. CS, chondrosarcoma; HOB, human osteoblast 
cells; OS, osteosarcoma. EV, extracellular vesicle.

F I G U R E  3  Serum CD99+ EV and 
ENO-1+ EV expression levels during 
tumor development in ES-bearing mice. 
(A) The scheme of the animal experiment 
is indicated. (B) Immunohistochemical 
analysis of SK-ES-1 and A673 tumor 
sections. CD99 and ENO-1 expression 
were moderately to strongly positive on 
cellular membranes. Scale bar = 50 μm. 
(C) CD99/CD63 and ENO-1/CD63 
sandwich ELISA. CD99 was positive for 
EVs purified from sera of ES-bearing mice 
but could not distinguish tumor-bearing 
mice from control mice or mice after 
tumor resection. ENO-1 expression was 
significantly higher in EVs purified from 
sera of ES-bearing mice than in those from 
control mice and reduced after tumor 
resection. *P < 0.05, one-way ANOVA. 
H.E.; hematoxylin and eosin.
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3.4  |  In vivo dynamics of ES-derived circulating EVs

We evaluated possible correlations between tumor growth and cir-
culating ES-derived EV levels using SK-ES-1 and A673 ES-bearing 
mice (Figure  3A). We confirmed CD99 and ENO-1 expressions in 
the ES tissue specimens. Immunohistochemical analysis of tumors 
resected from xenografted mice revealed moderate to strong ENO-1 
and CD99 expressions on the cellular membrane (Figure 3B).

We then investigated ENO-1/CD63 expressions in circulating 
EVs in ES-bearing mice using sandwich ELISA. ENO-1/CD63 expres-
sions were significantly higher in EVs purified from the sera of ES-
bearing mice than in those from control mice (P < 0.050; Figure 3C). 
Importantly, ENO-1/CD63 expressions were significantly reduced 
after tumor resection (P < 0.050; Figure  3C). Conversely, CD99/
CD63 was positive for EVs purified from the sera of ES-bearing 
mice. However, we could not distinguish ES-bearing mice from con-
trol mice using CD99/CD63 expression, and reduced CD99/CD63 
expressions after tumor resection were not statistically significant 
(Figure 3C).

3.5  |  Clinical relevance of circulating ENO-1+EVs in 
patients with ES

We investigated ENO-1 and CD99 expressions in tumor specimens 
obtained from patients with ES before evaluating the clinical rele-
vance of circulating ES-derived EVs. Both CD99 and ENO-1 expres-
sions on cellular membranes were strongly expressed in all 16 ES 

tumor specimens, which was confirmed by immunohistochemical 
analysis (Figure 4A). We then investigated the expression levels of 
CD99/CD81 and ENO-1/CD81 in EVs purified from sera of 13 pa-
tients with ES and 13 healthy individuals. Tables  S1 and S3 show 
the demographic and tumor-related characteristics of the patients. 
CD99/CD81 sandwich ELISA revealed similar CD99 expression 
among patients with ES and healthy individuals (P = 0.950; Figure 4B). 
Conversely, ENO-1/CD81 sandwich ELISA revealed that ENO-1 ex-
pression was significantly higher in EVs purified from the sera of 
patients with ES than in EVs from healthy individuals (P = 0.007). 
ROC analysis revealed that ENO-1 expression levels distinguished 
patients with ES from the healthy population with an area under 
the curve (AUC) value of 0.92 (95% confidence interval = 0.83–1.0, 
P = 0.0002). Using a cutoff value of 0.66, the sensitivity was 84.6% 
and the specificity was 84.6% (Figure 4C). Furthermore, circulating 
ENO-1 expression levels indicate the potential utility for tumor mon-
itoring during the treatment course (Figure 5A–D). A 14-year-old boy 
with localized ES of the lumbar vertebra underwent chemotherapy 
and radiotherapy (Figure 5A). The circulating ENO-1 expression lev-
els decreased after chemotherapy and radiotherapy as a curative 
intent. A 16-year-old girl with localized ES in the thoracic wall was 
treated with neoadjuvant chemotherapy, followed by surgery and 
adjuvant chemotherapy (Figure 5B). The circulating ENO-1 expres-
sion levels markedly decreased after neoadjuvant chemotherapy 
and low levels were maintained to the end of treatment protocol. A 
39-year-old woman diagnosed with ES of the rib underwent neoad-
juvant chemoradiation followed by surgery and adjuvant chemother-
apy (Figure 5C). The circulating ENO-1 expression levels decreased 

F I G U R E  4  Membranous CD99 and ENO-1 expressions on circulating EVs and tissue specimens from patients with ES. 
(A) Immunohistochemical analysis of CD99 and ENO-1 expression on ES tumor specimens. Scale bar = 50 μm. Membranous expressions of 
ENO-1 were stronger than those of CD99. (B) Sandwich ELISA targeting CD99 and ENO-1. Membranous CD99 expressions on circulating EVs 
were comparable between patients with ES and healthy individuals (P = 0.950), and ENO-1 expressions were significantly higher in patients 
with ES than those in healthy individuals (*FLIP = 0.0074, Student's t-test). (C) ROC analysis. Circulating ENO-1+ EV levels distinguished 
patients with ES from healthy individuals, with an AUC value of 0.92 (P = 0.0002). H.E.; hematoxyline and eosin. ES; Ewing sarcoma.
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    |  9UOTANI et al.

at the end of treatment protocol. A 19-year-old man diagnosed with 
extraskeletal ES at the thoracic vertebra underwent chemotherapy 
and proton radiotherapy as a curative intent (Figure  5D). The cir-
culating ENO-1 expression levels decreased after induction chemo-
therapy but further decreased after proton radiotherapy. All cases 
were diagnosed based on the confirmation of fusion gene by PCR 
analysis (Figure S9).

4  |  DISCUSSION

The development of diagnosing and monitoring tumors using non-
invasive methods indicates an important step in precision oncology. 

Methods of liquid biopsy include the detection of circulating tumor 
cells (CTCs), circulating cell-free nucleic acids (circulating tumor 
DNAs [ctDNAs], circulating cell-free DNAs [cfDNAs], and circulating 
cell-free microRNAs), and circulating EVs. Accumulating evidence 
has confirmed the advantages of each method of liquid biopsy, but 
the limitations of these modalities have also been documented. In 
particular, purifying CTCs is sometimes difficult in the early stage of 
the tumor because of low abundance in the bloodstream. A larger 
volume of blood is necessary to collect CTCs, and the collected 
samples are contaminated with a variety of cells other than tumor 
cells.22,23 Cost-effectiveness, unsatisfactory sensitivity, and false-
negative/positive detection of molecules regarding ctDNA diagnos-
tics have been problematic because normal cfDNA gives nearly all 

F I G U R E  5  ENO-1 expression levels 
for monitoring tumor burden during the 
treatment course in patients with ES. 
(A) A 14-year-old boy diagnosed with 
ES of the lumbar vertebra underwent 
chemotherapy and radiotherapy as 
a curative intent. (B) A 16-year-old 
girl with ES in the thoracic wall was 
treated with neoadjuvant chemotherapy 
followed by surgical resection and 
adjuvant chemotherapy. (C) A 39-year-
old woman diagnosed with ES of the rib 
underwent neoadjuvant chemoradiation 
followed by surgical resection and 
adjuvant chemotherapy. (D) A 19-year-
old man diagnosed with extraskeletal 
ES of the thoracic vertebra underwent 
chemotherapy and proton radiotherapy as 
a curative intent. In all patients, circulating 
ENO-1+ EV levels decreased after 
multidisciplinary treatments or at the end 
of the treatment course. Tx; Treatment, 
CTx; Chemotherapy, Op; Operation, RT; 
Radiotherapy
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the components of circulating DNA.24 The advantages of the mo-
dality used in this study include reduced blood volume, lower cost, 
and higher sensitivity compared to ctDNA analysis. Previous reports 
have indicated that ctDNA analysis typically requires approximately 
2 mL of plasma,25 whereas, in our study, we were able to detect ENO-
1+EVs using only 700 μL of serum. Regarding cost effectiveness, 
ctDNA testing is estimated to range between $200 and $1400 per 
sample. In contrast, our method costs approximately $100 per sam-
ple. In terms of sensitivity, the sensitivity and specificity of detection 
of ENO-1+EVs were both 84.6% (Figure  4C), whereas ctDNA was 
reportedly detectable in 52.1% of patients with ES.25 Furthermore, 
liquid biopsy targeting circulating EVs offers the potential for tumor 
monitoring from early stage compared to detection of CTCs and 
possible applications as a drug delivery system.13,26

This study identified ENO-1 and CD99 as surface proteins on 
ES-derived EVs. CD99 is a 32-kDa cell surface glycoprotein mole-
cule that plays an important role in cell migration, death, and dif-
ferentiation.27 CD99 is routinely used to pathologically confirm ES. 
ES generally shows a strong, diffuse membranous expression of 
CD99. EWSR1-FLI1 regulates CD99 expression through the direct 
binding CD99 promoter and indirect miRNA regulation.28–30 CD99 
maintains neural differentiation of ES cells through miR-34a-Notch-
mediated control of NF-κB signaling.31,32 However, CD99 expres-
sion is not specific to ES but is found in normal tissues and other 
malignancies such as lymphoma and leukemia.33 In this study, cir-
culating CD99+ EVs could not differentiate patients with ES from 
healthy individuals. However, membranous CD99 expression on 
EVs confirms that EVs carry similar molecular expression profiles 
to their parental ES cells.

ENO-1 is a cytoplasmic glycolytic enzyme that catalyzes 
phosphoenolpyruvate formation from 2-phosphoglycerate, which 
generates ATP during glycolysis. This molecule plays an important 
role as a mediator in pathological conditions such as infection, in-
flammation, and autoimmunity.34,35 Recent studies revealed that 
ENO-1 is responsible for proliferation and metastasis in many 
cancer types, including non-small cell lung cancer, non-Hodgkin's 
lymphoma, gastric cancer, and hepatocellular carcinoma,36–41 and 
is a possible target for diagnosis and anticancer therapy.36,37,40–44 
ENO-1 mainly localizes in the cytoplasm, but cytoplasmic ENO-1 is 
trafficked to the cell surface under inflammatory or malignant con-
ditions, although its molecular mechanisms remain unclear.38,42,45,46 
As shown in Figures 3B and 4A, ENO-1 is robustly expressed in ES 
tumors, indicating the possible efficacy of ENO-1-targeted therapy. 
Zhong et al. reported that anti-ENO1 antibodies suppressed meta-
static lung cancer by regulating the activation of hepatocyte growth 
factor receptor-wingless-related integration site (HGFR-WNT) sig-
naling pathways, thereby downregulating epithelial-to-mesenchymal 
transition.47 Similarly, Li et al. demonstrated that controlling ENO-1 
regulated the HGFR-Akt pathway, which may overcome cancer cell 
proliferation and drug resistance.48 Mohapatra et  al. reported the 
role of the CMTM6/ENO-1/Akt signaling axis in regulation of cispla-
tin resistance. Knocking down CMTM6 reduced membrane ENO-1 
expression and reduced the stemness properties of chemoresistant 

cells of esophageal cancer.49 According to the report from Cardenas 
et al., ENO-1 could be a novel target for neuroendocrine-like pros-
tate cancer (NEPC), and researchers are evaluating small molecule 
inhibitors that target ENO-1 in chemoresistant NEPC cells with 
promising initial results.50 Notably, decreased proteomic expression 
of ENO-1 was identified in EWSR1-FLI1 knockdown cells.51 This evi-
dence indicates that ENO-1 may serve not only as a promising circu-
lating marker but also as a novel target for ES.

Currently, molecular detection of Friend erythroleukemia trans-
fromation-E26 transformation-specific (FET-ETS) gene fusions or 
fluorescence in situ hybridization (FISH)-based detection of EWSR1 
rearrangements using biopsy samples is fundamental for ES diag-
nosis, especially if cases have unusual clinical and pathological fea-
tures. Importantly, ENO-1+EVs do not have greater diagnostic value 
than detection of fusion genes using biopsy samples. However, 
tumor monitoring using the repeated biopsy is impossible in patients 
who are disease-free after tumor excision, and repeated biopsy in 
patients with advanced disease is not preferred because of its in-
vasiveness. The reason why we recruited healthy individuals was to 
confirm whether the targets were tumor-specific. However, through 
a variety of experiments, we identified that these are useful for 
tumor monitoring. Our developed protocol of liquid biopsy using 
ENO-1+EVs is suitable for monitoring tumor dynamics over time and 
detecting minimal residual disease for ES. Recently, an ultrasensitive 
method for detecting circulating EVs using ExoScreen was devel-
oped, which directly detects surface proteins on EVs without their 
purification.7 This diagnostic tool detects circulating cancer-derived 
EVs from as little as 5 mL of serum in patients with cancer,7 which 
provides more accurate tumor detection in patients with colorectal 
cancer than CEA and CA19-9, which are the most prominently used 
tumor-associated antigens in colorectal cancer management. Along 
with these developments, liquid biopsy using ENO-1+EVs is a novel 
tool suitable for tumor monitoring in patients with ES.

The development of circulating biomarkers for tumor monitor-
ing in ES could offer three advantages: detection of minimal resid-
ual disease, early detection of recurrence/metastasis, and real-time 
monitoring of tumor response to systemic therapy. For localized 
Ewing sarcoma, the vincristine, doxorubicin, cyclophosphamide-
ifosphamide and etoposide (VDC-IE) regimen is increasingly recog-
nized as the standard treatment domestically and internationally. 
The JESS14 clinical trial is currently ongoing to clarify the efficacy 
of bi-weekly VDC-IE. In the A-1 and B-2 arms where complete resec-
tion is subsequently possible, the possibility of minimal residual dis-
ease is not a major problem. However, in the A-2 and B-3 arms where 
surgical margins would be insufficient and thus postoperative radio-
therapy is required, the possibility of minimal residual disease is a 
major problem. In addition, in the B-1 arm where tumor is unresect-
able and thus curative radiotherapy is required, we cannot evaluate 
whether there is a residual viable tumor or not at the end of protocol. 
Currently, there are no established methods to detect such residual 
diseases. Indeed, tissue biopsy is not recommended after curative 
radiotherapy. In such scenarios, evaluating circulating ENO-1+ EVs 
could be an alternate option. If the levels of these circulating EVs do 
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    |  11UOTANI et al.

not decline at the end of protocol, further maintenance therapy or 
additional treatments may be warranted, which could improve sur-
vival outcomes. Currently, detection of recurrence or metastasis is 
primarily based on imaging diagnostics, which may not detect micro-
metastasis of the tumor. However, if circulating ENO-1+EVs levels 
are elevated, closer follow-up with imaging diagnostics may accu-
rately detect recurrence or metastasis at an earlier stage. If patients 
had lung metastasis, surgical intervention is possible if the number 
of metastatic lesions is limited. For metastatic ES, treatment efficacy 
is usually evaluated through imaging diagnostics, usually performed 
at intervals of several weeks. By assessing circulating EVs, it may be 
possible to monitor the real-time response to the treatment, which 
may be helpful in reconsidering the treatment strategy.

In conclusion, we determined ENO-1 as a surface marker of ES-
derived EVs by proteomic profiling using ES cell supernatants and 
sera from patients with ES. Detecting circulating ENO-1+EVs could 
be a novel method for evaluating the real-time treatment response, 
detecting residual tumors after treatments, and discovering recur-
rent tumors early in ES management.
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